Abstract. Combining P-type iterative learning (IL) control, fuzzy logic control and artificial bee colony (ABC) algorithm, a new optimal fuzzy IL controller is designed for active vibration control of piezoelectric smart structures. In order to accelerate the learning speed of feedback gain, the fuzzy logic controller is integrated into the ANSYS finite element (FE) models by using APDL (ANSYS Parameter Design Language) approach to adjust adaptively the learning gain of P-type IL control. For improving the performance and robustness of the fuzzy logic controller as well as diminishing human intervention in the operation process, ABC algorithm is used to automatically identify the optimal configurations for values in fuzzy query table, fuzzification parameters and defuzzification parameters, and the main program of ABC algorithm is operated in MATLAB. The active vibration equations are driven from the FE equations for the dynamic response of a linear elastic piezoelectric smart structure. Considering the vibrations generated by various external disturbances, the optimal fuzzy IL controller is numerically investigated for a clamped piezoelectric smart plate. Results demonstrate that the proposed control approach makes the feedback gain has a fast learning speed and performs excellent in vibration suppression. This is demonstrated in the results by comparing the new control approach with the P-type IL control.
Introduction
As an intelligent control strategy, iterative learning (IL) control has a simple controller structure and doesn't require accurate system model. According to fully utilizing the past control experience, it can improve the current control performance of the system by operating repetitively over a fixed time interval [1] . In 1978, IL control was first proposed by Uchiyama in Japanese [2] , which did not get much attention. After one critical report published by Arimoto in English [3] , IL control had a significant progress in both theory and application [4, 5] . In many cases, it is essential to apply this algorithm to find the system inputs that make the system outputs close possible to the desired outputs, such as hysteresis compensation in a piezoelectric actuator [6] , achievement of the extreme precision motion tracking for the control system [7] , state estimation on repetitive process systems [5] , point-to-point motion control of robotic arm [8] . However, few papers can be found about the applications of IL control for active vibration control of piezoelectric smart structures. Zhu et al. [9] and Tavakolpour et al. [10] firstly applied P-type IL control to vibration attenuation of piezoelectric smart structures, and the efficiency of P-type IL controller had been proven in their studies. In addition, Fadil et al. [11] combined P-type IL control and PID control to design a new intelligent PID controller for vibration suppression of the piezoelectric smart cantilever beam, in which the P-type IL control is applied to tune the parameters of the PID controller.
In the studies above, although P-type IL controllers can effectively attenuate the structural vibrations at some excitation frequencies, the performances of controllers for vibration suppression are still not obvious when the piezoelectric smart structure is excited by its first natural frequency. Besides, control effectiveness of actuators is effective at the locations of sensors, and they are not able to compensate the unwanted vibrations effectively at other locations [12] . In P-type IL control, thousands of iterations are needed for achieving the satisfying control precision, which leads to learning speed of feedback gain slow [10, 13] . Moreover, unreasonable selections of learning gains may directly cause control spillover or even system instability, which makes the reduction of system robustness [14] .
Due to the ability to deal with nonlinearities, uncertainties and imprecision, fuzzy logic has been successfully employed by several research groups for different controller design [15] [16] [17] . Without exact mathematical model of the structure and certain loading conditions, fuzzy logic controller can be designed in a quite simple way. In order to speed up the learning speed of feedback gain, the learning gain of P-type IL control is set up by fuzzy logic controller in this paper. However, the effectiveness of fuzzy logic controller depends substantially on appropriate configurations of the membership functions, selections of fuzzy rules and proper operations of the fuzzification and defuzzification, which are all based on the knowledge and experience of researchers and problems being considered [18] . Different optimization technique such as genetic algorithm (GA) [19] , ant colony optimization (ACO) [20] , and particle swarm optimization (PSO) [21] [22] [23] have widely been used to find optimum controller parameters for improving the performance of dynamic systems. Another notable optimization algorithm currently being employed is the artificial bee colony, and the main reason of using this algorithm is due to its triple search capability which forages the local and global search space for the optimum solution. The comparative investigations of ABC optimization technique are carried out against GA, ACO and PSO, ABC searching is able to find a better optimum solution [24] , the similar performance is exhibited by the PSO technique as well [24] [25] [26] . However, ABC algorithm possesses a higher speed in comparison with PSO [25, 26] . For improving the performance of the fuzzy logic controller, enhancing the robustness of the controller and diminishing human intervention in the operation process, some control approaches were proposed by combining fuzzy logic control and artificial bee colony (ABC) algorithm [27] [28] [29] . In these studies, the ABC searching is used to simultaneously auto-tune the parameters of membership functions and fuzzy rules. However, few studies report that ABC algorithm is applied to optimize fuzzification parameters and defuzzification parameters.
Vibration control of structures such as plates and shells always bring a challenge in aerospace fields because of the complexity and density of the vibration modes. The strategy that discrete piezoelectric actuator-sensor pairs are glued on both surfaces of the plate realizes low weight and effective control for structural vibration [30] . The plate integrated piezoelectric actuator-sensor pairs thus becomes a multi-input-multi-output (MIMO) system. If an actuator fails to perform as expected, the performance of its neighboring actuators will be affected negatively. In this system, the mutual effect among all actuators exists in the whole process of active vibration control, and this kind of mutual effect is always uncertain information. The uncertainty caused by mutual effect brings a great challenge to choose the safe ranges of all the input and output variables, so that the values of fuzzification parameters and defuzzification parameters are difficult to be selected. In this paper, the optimal configurations of the fuzzy logic controller for fuzzification parameters and defuzzification parameters are found based on ABC algorithm. In order to avoid complicated fuzzy inference process and reduce time consumption, a fuzzy query table is established. The values of fuzzy output variable can be chosen directly from the fuzzy query table in the process of active vibration control, and the optimal values in the fuzzy query table are also searched by ABC algorithm. It is the way in which all actuators can affect each other positively so that the optimum control effectiveness can be achieved.
To design a system of piezoelectric smart structure for active vibration control, both control 1 1 3 strategy and model of smart structures integrated piezoelectric materials are necessary to be considered. The finite element (FE) method is a widely accepted and powerful tool to deal with the piezoelectric smart structures. Some kinds of efficient and accurate electro-mechanically coupled dynamic FEs of smart structures have already been developed [31] [32] [33] . Among commercial FE analysis codes, ANSYS has the ability to model smart structures with piezoelectric materials, and H Karagülle et al. [34] successfully integrated the vibration control actions into the ANSYS modeling, and the solution is achieved as well. By fusing P-type IL control, fuzzy logic control and ABC algorithm, a new optimal fuzzy IL control approach is developed for vibration control of piezoelectric smart structures in this paper. For accelerating the learning speed of feedback gain, the learning gain can be adjusted adaptively by fuzzy logic controller. In order to improve the performance and robustness of the fuzzy logic controller, the ABC searching is used to find the optimal parameters of the fuzzy logic controller. The P-type IL controller and the fuzzy logic controller included the fuzzy query table are integrated into the ANSYS FE model by using ANSYS Parameter Design Language (APDL) approach, and ABC algorithm is realized in MATLAB. The control strategy is numerically investigated for a clamped piezoelectric smart plate under various external disturbances, and the results are illustrated and extensively discussed at the end.
The rest of this paper is organized as follows. In Section 2, based on the FE model of a piezoelectric smart structure, a state space model of the linear system is developed for control law design. The P-type IL control is described for using vibration control of piezoelectric smart structures. Section 3 introduces the designing of the optimal fuzzy IL control in detail. In Section 4, numerical simulations are presented to demonstrate the usefulness and advantages of the proposed control approach. The last section concludes the paper.
Modeling and P-type IL control

Dynamic finite element model
The linear electro-mechanically coupled dynamic FE equation of smart structures can be written as [35] :
where, and represent the structural displacement vector and the electric potential vector; , , , ( ) and are the structural mass matrix, the damping matrix, the structural stiffness matrix, the piezoelectric coupling matrix, the dielectric stiffness matrix, respectively; and are the structural load vector and the electric load vector, respectively. The damping matrix is usually defined as a linear combination of the structural mass matrix and the structural stiffness matrix as follows:
where, the constants and are the Rayleigh's damping coefficients.
P-type IL control
As a type of IL control, the P-type IL control algorithm learns the tracking error from the previous iteration and uses an update rule to adjust the control signal in the current iteration to reduce the tracking error [36] . Fig. 1 demonstrates the block diagram of P-type IL control. and are input signal and measured output signal at the th iteration, respectively, and both of them are stored in memory when the system operates. The P-type IL control evaluates the current performance of dynamic system based on the output error = − , where is the desired output signal. The update rule of the P-type IL control can be expressed as [37] :
where, Φ is the learning gain. An iterative method computes successive approximations such that the output of the system approaches an appropriate value as time increase. However, the learning process should be accomplished within a limited period, over learning may lead to control spillover or system instability once it enters a 'dangerous zone' [10] . Therefore, the number of iterations should be limited to the predefined value so that the system knows when to stop the learning process.
Control mechanism
The piezoelectric sensor generates output electric potential when the structure is oscillating. The partitioned global piezoelectric FE equations of (1) can be easily uncoupled into the following independent equations for the sensor output electric potential:
and the structural displacement:
where, * = − . Note that is usually zero in sensor. Thus, the sensor output electric potential can be rewritten as:
In the application of vibration suppression, the desired output signal is always defined as zero. Considering the sensor output electric potential as feedback signal, the output error at time instant , is defined as:
The output error change at time instant , can be defined as:
According to the update rule of P-type IL control in Eq. (3), the feedback gain at time instant can be given as:
The electric potential is amplified and fed back into the actuator. The input voltage to the actuator is expressed as:
where, is the feedback gain in Eq. (9), is the sensor output electric potential in Eq. (6). The electric load vector can be defined as:
where, is electric load feedback control coefficient. The feedback control force is defined as = − [30] , combining with the Eqs. (6), (10) and (11), can be rewritten as:
The feedback control force generated by actuator is used to suppress the vibration of piezoelectric smart structure. Substituting Eqs. (6), (10), (11) into Eq. (5), the active vibration control equations of piezoelectric smart structure can be expressed as:
Optimal fuzzy IL control design
The optimal fuzzy IL control system for vibration suppression of piezoelectric smart structures can be designed by applying MATLAB and ANSYS. For a piezoelectric smart structure with = 1,2, … , piezoelectric actuator-sensor pairs, the optimal fuzzy IL control system is shown in Fig. 2 , and each actuator-sensor pair is controlled independently. The P-type IL control, the fuzzy logic control and the ABC algorithm has been circled by different line types, respectively. By using APDL approach, P-type IL controller and fuzzy logic controller is incorporated into the ANSYS FE model to simulate the vibration control actions of the piezoelectric smart structure. The main program of ABC algorithm is operated in MATLAB.
In Fig. 2 , the whole implementation of optimal fuzzy IL controller is presented clearly. In ANSYS FE model, the Sensor generates output electric potential ( ) in Eq. (6), when the piezoelectric smart structure is forced by external disturbance . The output error of the Sensor ( ) in Eq. (7) and output error change of the Sensor ( ) in Eq. (8) act as input variables in fuzzy logic control, and the output variable is the learning gain Φ ( ) in Eq. (9) . and denote the fuzzification parameters that convert the practical input values into linguistic levels, is the defuzzification parameter which transforms the values of fuzzy output variables into practical output values. In this paper, it is assumed that the values of all fuzzy output variables are chosen from the unique fuzzy query table. For accelerating the learning speed of feedback gain ( ) in Eq. (9), the learning gain Φ ( ) can be adjusted adaptively by fuzzy logic controller. is electric load feedback control coefficient, where, = 1,2, … , , is the number of actuator-sensor pairs. The feedback control force in Eq. (12) generated by actuators is used to suppress the vibration of piezoelectric smart structure.
In MATLAB environment, the initial values of optimized parameters (including fuzzification parameters, defuzzification parameters and values in fuzzy query table) are generated randomly by using ABC algorithm, and these initial values are then delivered to the ANSYS FE model to update the current data. The vibration control actions of the piezoelectric smart structure begin to be simulated in ANSYS. As long as the training period has been reached, the value of objective function is saved and transmitted to the program in MATLAB to operate the fitness evaluation. The objective function of optimization problem is formulated based on the minimization in the sum of integral absolute output error of all sensors:
where, is the training period. The choice of training period should guarantee that control system instability will not happen after this specified time. The new set of optimized parameters will be memorized if its fitness value is better than that of the current one; otherwise, the current solution set is retained. This search process is repeated until the termination criterion is satisfied. Finally, the optimal configuration of the parameters for optimal fuzzy IL controller can be obtained. The detailed process of the fuzzy logic control and ABC algorithm has been designed as follow. 
Fuzzy logic control
The fuzzy logic controller designed in this paper involves three basic steps [38, 39] : fuzzification, fuzzy rule and fuzzy inference, defuzzification.
Fuzzification
All of input and output variables should be decided in this step and the fuzzy sets are constructed over all input and output variables. The sensor output electric potential acts as feedback signal, this paper considers the output error in Eq. (7) and its change in Eq. (8) as input variables, and the output variable is the learning gain Φ in Eq. (9) . These input and output variables in the fuzzy set are represented by , and Φ , respectively. 
where, and are fuzzification parameters,
are the maximum output error value and maximum output error change value. A triangular-type membership function , as shown in Fig. 3 , is employed to convert all input and output variables into linguistic variables. In this paper, membership functions of , and Φ are defined in the same way. The values of membership functions are set in the range [0, 1]. There are seven different linguistic terms corresponding to linguistic variables, namely, NB (negative big), NM (negative middle), NS (negative small), ZE (zero), PS (positive small), PM (positive middle) and PB (positive big), respectively. 
Fuzzy rule and fuzzy inference
The fuzzy rule is a significant factor that influences the performance of fuzzy logic controller in a large degree. Mamdani inference method is employed to generate the fuzzy rules in this paper, and the th fuzzy rule can be defined as:
where, Φ = 0.0078 and Φ = 0.0148 represent the input fuzzy variables, Φ is the output fuzzy variable; and represent the linguistic values of the input fuzzy variables, is the linguistic value of the output fuzzy variable. The 49 fuzzy rules are established for adjustment of learning gain, and listed in Table 1 . The complicated fuzzy inference process inevitably causes time-delay, which may result in the degradation of control efficiency or even instability of control system [40] . An alternative approach to reduce time consumption in fuzzy inference is that establishing a fuzzy query table. It is given in Table 2 . In the process of vibration control, the values of fuzzy output variables are chosen from the fuzzy query table directly, which can improve the real-time control performance of the system. 
Defuzzification
Practical output values are essential for control system to obtain the appropriate control outputs. The range of the practical output value Φ can be defined as −|Φ |, |Φ | , and the corresponding fuzzy value is Φ , and its domain is −Φ , Φ , then:
where, is defuzzification parameter, = Φ |Φ | ⁄ ; = 1, 2, …, 13 is the maximum practical output value.
Then, a time-varying P-type version of the IL control update rule given in Eq. (9) can be rewritten as:
The learning gain Φ in Eq. (19) can be tuned adaptively by the fuzzy logic controller. 1 1 9
ABC algorithm
In Fig. 2 , there are { } fuzzification parameters and { } defuzzification parameters that will be optimized in closed-loop control system. In addition, the values of fuzzy query table in Table 2 should also be optimized. The fuzzy query table is parameterized and represented in Table 3 that has 169 tuning parameters. Therefore, the total optimized parameters for the optimal fuzzy IL controller are 3 + 169. In this paper, the optimization problem is to find the parameters , , and , so that the objective function, given by Eq. (14), is minimized, where = 1,2, … , , = 1,2, … ,13 and = 1,2, … ,13. Constraints of this optimization problem are:
Subject to: 0 < < 2, 0 < < 10, 0 < < 1, = 1,2, ⋯ , , if + = 14, then , = 0, if the corresponding value of , in Table 2 is -5, then −5.0 < , < −4.5, if the corresponding value of , in Table 2 is -4, then −5.0 < , < −3.5, if the corresponding value of , in Table 2 is -3, then −4.0 < , < −2.5, if the corresponding value of , in Table 2 is -2, then −3.0 < , < −1.0, if the corresponding value of , in Table 2 is -1, then −2.0 < , < 0, if the corresponding value of , in Table 2 is 0, then −2.0 < , < 2.0, if the corresponding value of , in Table 2 is 1, then 0 < , < 2.0, if the corresponding value of , in Table 2 is 2, then 1.0 < , < 3.0, if the corresponding value of , in Table 2 is 3, then 2.5 < , < 4.0, if the corresponding value of , in Table 2 is 4, then 3.5 < , < 5.0, if the corresponding value of , in Table 2 is 5, then 4.5 < , < 5.0, where: As a global optimization algorithm, the ABC algorithm is widely used to solve multidimensional optimization problems [27] . Three types of honeybees, namely, employed bees, onlooker bees and scout bees, incorporate to search the best food sources by foraging behavior of a bee colony. Each type of a bee colony is a phase in ABC algorithm.
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Initialization parameters and food sources
ABC algorithm commences the search process by generating randomly food sources. In other words, the initial values of fuzzification parameters, defuzzification parameters and the fuzzy query table are randomly generated in this subsection. A food source represents a possible optimization problem solution, and the th dimension variable of the th food source is given as:
where, is the number of food sources or employed bees, denotes the dimensionality of the optimization problem; and are the upper and lower bounds of the th dimension variable, respectively.
Fitness evaluation
After producing food sources, the objective function specific for the optimization problem is operated. All the fitness values of the food sources can be calculated by fitness function, the fitness function of the th food source is given as:
where, is the value of objective function.
ABC searching
In ABC algorithm, employed bees' phase, onlooker bees' phase and scout bees' phase are used to search for the optimal parameters. The greedy selection is applied to select the tuning parameters that provide the smallest value of fitness function as the optimal parameters.
Employed bees' phase: In the neighborhood of the current food sources, each employed bee tries to search a new candidate food source. The candidate solution , can be generated from the old solution , , shown as follow:
where, and are random indexes, is different from , ; , is randomly produced in the range [-1, 1]. The fitness values of the candidate food sources are calculated based on Eq. (22) . By greedy selection, the new food source will be memorized if its fitness value is better than that of the current one; otherwise, the current source is retained. Onlooker bees' phase: As long as all employed bees complete the search process, the information about the food sources is communicated to the onlooker bees. Onlooker bees choose more profitable food sources based on the probability value, and probability can be calculated as follow:
where, is the probability of th food source selected by an onlooker bee. After the selection, the onlooker bee tries to improve the solution of employed bee. It randomly determines a neighborhood food source by using Eq. (23), and its fitness value is computed. The greedy selection is applied to remove or retain the old food source.
Scout bees' phase: If the employed or onlooker bees show no further improvement over a continuous pre-determine number which is called "limit", this solution is assumed to be exhausted and need to be abandoned. Then, the employed bees become the scout bees. The new food sources will be discovered by the scout bees based on Eq. (21).
Termination criterion
The search process conducted through the phases of ABC algorithm is repeated until a predetermined termination criterion is satisfied. In this paper, the termination criterion of ABC algorithm is the maximum number of cycles.
Optimal parameters
When the termination criterion is fulfilled, the optimal set of tuning parameters has been obtained in the search space. Fig. 4 shows the steps in the parameters optimization of the fuzzy logic controller using ABC algorithm.
Fig. 4. The flowchart of ABC algorithm OPTIMAL FUZZY ITERATIVE LEARNING CONTROL BASED ON ARTIFICIAL BEE COLONY FOR VIBRATION CONTROL OF PIEZOELECTRIC SMART STRUCTURES. LIANG BAI, YUN-WEN FENG, NING LI, XIAO-FENG XUE
Numerical simulations
In this section, the example for vibration control simulations of smart structures is a piezoelectric smart plate with all clamped edges. The piezoelectric smart plate consists of one aluminum plate (305 mm×305 mm×0.8 mm), on which ten PZT-5H piezoelectric patches (30.5 mm×30.5 mm×1 mm) with opposite polarizations pointing outward are bonded in pairs on both sides of the plate, as shown in Fig. 5 . The upper piezoelectric patches work as actuators to control the structural vibration, while the lower ones work as sensors to obtain the vibration information. As can be seen in Fig. 5 , five piezoelectric actuator-sensor pairs are marked with , , , , and , respectively. The localization of the actuator-sensor pairs are made by reference to [41] . The material properties of aluminum plate and PZT-5H piezoelectric patches are listed in Table 4 . 
In order to validate the present dynamic FE model established by ANSYS, the first six natural frequencies of the aluminum plate are calculated (in Table 5 ), and the results imply good agreement by comparing to the theoretical results [42] and numerical results [30] . In this paper, the 3-D solid element (SOLID45) is used for simulating the aluminum plate, and the 3-D solid element (SOLID5) is applied for simulating piezoelectric patches. The aluminum plate and each piezoelectric patch are meshed with 40×40×1 elements and 4×4×1 elements, respectively. The degrees of electric freedom for the nodes at top and bottom surfaces of piezoelectric patches are coupled by the ANSYS command CP. The electrical boundary condition of piezoelectric patch is set to be short-circuited on the surface that is bonded with aluminum plate. Modal analysis is performed to determine the time step [26] . The first five natural frequencies of the piezoelectric smart plate are given in Table 6 . The time step can be taken as Δ = 1/(60 ), where is the first natural frequency. The Rayleigh's damping coefficients ( = = 0.005 %) are defined. The initial value of ( ) in Eq. (9) is assumed to be zero. The pre-defined parameters of the ABC algorithm are given in Table 7 .
ABC algorithm can initialize the ranges of the research on the worst cases that will allow controlling the system in some critical situations. This advantage depends on its ability to close to the optimal parameters while maintaining a good compromise between the desired performance and the various critical situations, so it can adapt to the change of the system parameters. Considering the objective function of optimization problem in Eq. (14) , ABC algorithm understands the behavior of the system and then at each iteration the honeybees enhance their performances to find the best controller parameters. Considering the vibrations generated by various external disturbances, including impact excitation, harmonic excitation and random excitation, different simulations are investigated to understand the control effectiveness of optimal fuzzy IL control approach. In this paper, note that the trained parameters obtained by short training period (0.0241 s, 0.0227 s, 0.0220 s, respectively) are applied to the long-term optimizations (0. The short-term data is preferable as long as the data of short-term and long-term are almost the same [43] . For the parameters of P-type IL controller in these simulations, the number of iterations is limited to 1100 as the stopping criterion, and the values of fixed learning gains are chosen as Φ = 0.0082, Φ = 0.0074, and Φ = 0.0148 for different simulations. In order to evaluate the optimal fuzzy IL control approach, the displacement responses of the piezoelectric smart plate are given at Point A and B on the piezoelectric smart plate, and their positions are shown in Fig. 5. 
Impulsive excitation
In the first simulation, the piezoelectric smart plate is excited by an impulsive force (shown as Fig. 6 ) at the Point A. The best configurations of fuzzification parameters, defuzzification parameters and values in fuzzy query table are shown in Table 8 and Table 9 , respectively. Comparing the values of fuzzy query table in Table 2 , some areas that values changed notable are surrounded by dotted lines in Table 9 . Fig. 7(a) and (b) respectively show the displacement responses of the Point A and B, it can be seen that P-type IL control cannot achieve vibration suppression in short term. Because over a thousand of iterations lead to the learning speed of feedback gain slow. However, the optimal fuzzy IL control performs a fast suppression for structural vibration in a short period, which makes it more efficient by compared with P-type IL control when the system disturbed by an impulsive excitation. Due to the symmetry of the piezoelectric smart structure and the excitation location, the sensor , , and generate the same control feedback signals in the process of vibration. The feedback gains of actuator , , and have the same learning process, as shown in Fig. 7(c) . Fig. 7(d) 
Harmonic excitation
When the piezoelectric smart plate is vibrating in fundamental mode 1, the displacement amplitude will theoretically be infinite for continuous steady state excitation in the time domain.
The first mode control is tested in this simulation by applying the harmonic force ( ) = 0.1cos( ) at the Point A, where the first natural frequency = 559.97 rad/s (89.122 Hz).
The optimal values of fuzzy query table are presented in Table 10 , and values that change dramatically are circled by dotted line. Fig. 8 (a) and (b) respectively displayed the displacement responses of Point A and B, it can be seen that both the optimal fuzzy IL control and the P-type IL control present a good control effectiveness on suppression of the first vibration mode not only at the locations of sensors (e.g. Point A) but also at positions without sensors (e.g. Point B). However, it is noteworthy that these results are different from Saleh's [12] . The paper reported that P-type IL control is just able to compensate the unwanted vibration at the observation point and is not effective at other points. Besides, it also pointed out that P-type IL control is not able to effectively suppress the structural vibration excited by its first natural frequency. Effective control system is possible to attenuate the structural vibration of the entire structure rather than a small portion of the plate area. To design the vibration control system of piezoelectric smart structures, control strategy need to be considered for the desired control performance. Besides, the locations and sizes of the piezoelectric actuators and sensors also have a great influence on the control performance [44] . The areas of structure at which the mechanical strain is highest are always the best locations of actuators and sensors. In addition, the dimensions of actuators should be defined appropriately, which can ensure actuators produce the desired control forces to suppress the structural vibration. The sizes of sensors should also be chosen properly so that accurate information of structural deformation on the certain areas of the structure can be obtained. A misread of measured signal by the sensor may result in unreasonable control force generated, which may deteriorate the dynamic behavior.
In this simulation, P-type IL control presents a good effectiveness on first mode control when the locations and the sizes of actuators and sensors are selected appropriately. Furthermore, either the locations of sensors or the positions without sensors on the smart plate provide a good controllability in structural vibration.
Observing the displacement responses of Point A and B (Fig. 8(a) and (b) ), the vibrations suppressed by optimal fuzzy IL control have the smaller amplitude by comparing with P-type IL control. In this paper, the root mean square (RMSs) of amplitude at Point A and B are used to quantitatively evaluate the control effectiveness of the optimal fuzzy IL control and the P-type IL control. The data that is used to calculate the RMSs of amplitude start to be recorded after learning process of the P-type IL control is terminated, and the RMSs of amplitude for different simulations (except case 1) are given in Table 11 . Fig. 8(c) and (d) respectively depict the learning processes of the feedback gains of the actuator a/b/c/d and actuator e. 
Random excitation
In the last simulation, a random excitation (shown as Fig. 9 ) is applied on the Point A to drive the piezoelectric smart plate in this simulation.
The optimal fuzzy query table is displayed in Table 12 , and dotted lines are used to mark the values changed obviously. According to the update rule of the P-type IL control in Eq. (3), learning gain Φ is fixed constant. The selection of learning gain Φ is always based on the knowledge and experience of researchers. A larger value for learning gain Φ may directly cause control spillover or even system instability, which makes the reduction of system robustness [14] . A smaller value for learning gain Φ is needed to achieve the satisfying control precision. However, the smaller the learning gain are, the more iterations are necessary which leads to learning speed of feedback gain slow [10, 13] . For accelerating the learning speed of feedback gain, the learning gain Φ can be adjusted adaptively by choosing directly from the fuzzy query table in the process of active vibration control. In order to obtain the desired control precision, the ABC searching is used to find the optimal parameters of the fuzzy logic controller. Table 2 are negative, while the values are positive in right part. Combining Table 9, Table 10, Table 12 and Table 2 , most of zones that the values changed notable occur in the vicinity of zero values after searching optimum solution by ABC. Notice that the values around the boundary in the fuzzy query table contribute considerably to the control precision of system. The dynamic displacement responses of Point A and B are given in Fig. 10 (a) and (b) , respectively. The learning processes of the feedback gains for the actuator a/b/c/d and actuator e are depicted in the same figure. Comparing between the optimal fuzzy IL control and the P-type IL control, the real-time variations of feedback gains are shown in Fig. 10(c) and (d) .
It is important to remark that the feedback gains of the same actuators stop at different values, when the system are controlled by two methods. Considering the uncertainty of the mutual effect among all actuators, ABC algorithm is applied to determine values of fuzzification parameters and defuzzification parameters. Combining with Fig. 10(a) and (b) , the optimal fuzzy IL control in this simulation presents a better control performance by comparing with the P-type IL control. In the process of active vibration control, ABC is able to make neighboring actuators to interact with each other positively such that an excellent control performance can be obtained. The similar effects like this simulation can be observed in Fig. 7 and Fig. 8 .
Conclusions
The optimal fuzzy IL control, an intelligent learning-based approach, is developed for active vibration control in piezoelectric smart structures. In order to accelerate the learning speed of feedback gain in P-type IL controller, the learning gain is adjusted adaptively by the fuzzy logic controller. For improving the control performance, enhancing the robustness of the fuzzy logic controller and diminishing human intervention in the operation process, ABC algorithm is used to tune automatically the parameters of the fuzzy logic controller. The fuzzy logic controller is integrated into the FE model by using APDL approach, and the main program of the ABC algorithm is operated in MATLAB. The vibration control equations of piezoelectric smart structures are developed based on the dynamic FE equations of a linear elastic system. Numerical results are compared with the corresponding results using the P-type IL control approach.
It is pertinent to mention that as long as the locations and sizes of actuators and sensors are appropriately selected, both the optimal fuzzy IL controller and the P-type IL controller have a good control effectiveness on vibration suppression when the piezoelectric smart plate is excited by its first natural frequency. Furthermore, the entire piezoelectric smart plate presents a good controllability rather than small portions bonded with piezoelectric sensors by using either the optimal fuzzy IL control or the P-type IL control. These conclusions are different from Saleh's [12] .
The optimal fuzzy IL control accelerates the learning speed of feedback gain, this advantage makes the proposed control law more suitable for system disturbed by an impulsive excitation, which makes the proposed control approach very useful for applications in structures with various disturbance characteristics. However, the P-type IL control cannot effectively suppress structural vibration in the same loading condition. Comparing control performances, it is found that, unlike P-type IL control, the optimal fuzzy IL control can completely suppress structural vibration. In other words, using the proposed control approach, the disadvantages of P-type IL control given in [10, 13, 14] are overcame.
Although the optimal fuzzy IL control is applied for a plate structure in this paper, considering all advantages presented here, this approach can be applied for other structures, like beam structures, extending possibilities of its engineering and research applications.
